Abstract: Liquid treatment processes have been assuming increasing importance in recent decades with the progressive industrialization to ensure public health security for drinking water or to prevent economic damage when safeguarding important production processes. Major investments have been devoted to the research, study, and design of innovative products that are able to respond to the demands of the market, which currently offer several solutions, among which filtration treatment still represents a major one. This work focuses, in particular, on filtration of drinking water with filter cartridges, with the aim to test their hydraulic performance and, particularly, to evaluate the head losses that they produce when introduced into a hydraulic system. The local pressure drops, in fact, may compromise hydraulic plants already characterized by low pressures. What is more, this condition is increasingly likely in supplying networks due to the coexistence of several factors, such as water losses due to failures and inefficient maintenance, severe and prolonged droughts, and increased water demand related to social and economic development. In these systems, the insertion of filtration cartridges can make the pressure levels fall below the minimum limit recommended to ensure the smooth operation of domestic devices. More in detail, in the present study the behavior of seven different commercial filter cartridges was analyzed through a set of experiments conducted in a pilot circuit at the Laboratory of Environmental and Maritime Hydraulics (LIDAM), University of Salerno. These tests have been performed in different operating conditions, collecting pressure data through various pressure gauges. The analysis proved that for common values of operating flow rates in domestic plants the pressure drops in the filter can be of the order of some meters and provided some useful information for the choice of the proper cartridge in low-pressure distribution systems.
Introduction
Nowadays, progressive industrialization and uncontrolled social and economic development, with consequent pollution and environmental degradation, have made water treatment absolutely necessary for many uses (e.g., [1] [2] [3] ). Treatment processes have two important purposes: (1) to make possible the use of water that otherwise would not fit the required specific purpose, which may be a human, domestic, industrial, or agricultural one [4] [5] [6] ; and (2) to make the water, which was previously polluted by specific processes and operations, safe (e.g., [7, 8] ). Specifically, the progressive deterioration of water quality, due to various contaminating processes, has made necessary in most of the cases a proper treatment of water before human utilization. Among the different water treatment techniques, e.g., pre-chlorination, coagulation and flocculation, sedimentation, disinfection, etc., filtration still represents the main solution [9, 10] . Almost all the domestic apparatuses that make use of water are equipped with internal filtration elements or are installed with proper filtration systems. Increasingly, efficient and innovative water filtration systems have been adopted in recent years [11, 12] .
Focusing on drinking water filtration, the analysis of the literature shows very few studies on the hydraulic analysis of filtering cartridges. Besides, these works are usually focused on different features of the filtering cartridges, such as water quality aspects or efficiency of the filtration process, or on specific topics, such as on the removal of specific substances from drinking water, or refer only to wire-wound cartridges. It is worth mentioning a comprehensive guide concerning filtration techniques, systems, and their applications proposed by Sutherland [13] . More recently, a book dedicated to wire-wound cartridges was published by Kanade and Bhattacharya [14] . Kanade and co-workers [15] defined the relation between spinning suction pressure and performance parameters of wire-wound filters. To this aim, tested cartridges were produced by means of an electronically controlled precision filter winder [16] . In [17] , the efficacy of common water filtration and purification systems bought by consumers and used at home in the removal of cyanotoxins from water was assessed. Among the others, the use of tested carbon filters provided protection against human exposure to cyanotoxin but in conjunction with the application of water treatment methodologies utilized in water treatment facilities. Tomaszewska and co-workers [18] proposed a polypropylene cartridge filter for solid particles retention and arsenic removal.
The present study is focused, instead, on the effects, in terms of head losses, produced by the installation of a filter cartridge in a drinking water plant. These effects, in fact, are not negligible and may determine pressure values not compatible with those required for a proper functioning of some electro-mechanical elements present in domestic water systems (dishwashers, washing machines, boilers, etc.). As an example, considering a plant with an inflow pressure of about 1 bar, the installation of a filtering cartridge will produce a pressure loss of the order of several tenths of bar; thus, the operating pressures will fall below the minimum limit of 0.8 bar recommended by the domestic equipment manufacturers for their smooth functioning.
In view of a limited research investigation on the matter, an ad-hoc pilot circuit was designed and built at the Laboratory of Environmental and Maritime Hydraulics (LIDAM), University of Salerno, Italy, to perform experiments aimed at giving more information about the head losses produced by the most common filter cartridges. Past experimental investigations carried out on the circuit focused on the behavior of string-wound cartridges when artificially clogged with fine sand [19] and fine gravel [20] . Starting from the work presented in [21] , this study analyzes and compares, instead, the hydraulic performance of seven different commercially popular filter cartridges.
During the experiments, the pressures were measured both in the original system (i.e., in the absence of cartridges) and in the presence of each of the seven cartridges with different operating scenarios, in order to evaluate the local losses produced by each filter cartridge. The results provide useful information for the selection of the proper cartridge in low-pressure distribution systems, a choice that will be clearly determined also by the specific water quality and the consequent required treatment.
Materials and Methods
In this section, first the different filtration modalities corresponding to the seven selected cartridges for the analysis are briefly described. The pilot circuit designed and built in the laboratory is then presented, along with the related components, the instrumentation, and the operating conditions of the performed experiments.
Filtration Cartridge Systems
The filtration cartridge systems available on the market can be grouped in two distinct categories:
cartridges for mechanical filtration [19, 22, 23] , useful to separate fluid from any suspended, not settleable solids (pebbles, rust, and metal chips, etc.);
Water 2018, 10, 629 3 of 17 2. cartridges for water treatment [24] [25] [26] [27] [28] [29] , which clean the specific fluid more deeply by subtracting the particles dissolved in it that are not always evident, such as mineral salts.
Several different types of filter cartridges are commercially available, with their own characteristics and, therefore, more or less suitable for the filtration of specific fluids. Eligibility is recognizable in relation to specific factors: nature of the liquid to be treated, particle size, filtration efficiency, permeability of the filter material, pressure loss, chemical compatibility, thermal stability, cost/benefit ratio, and maintenance.
Among the available cartridges, only the seven most popular ones (illustrated, in the order, in Figure 1 ) have been considered in this study:
1.
wire-wound polyester filter, 2.
nylon mesh filter, 3. granular activated carbon filters, 4.
filter cartridge with crystal polyphosphate, 5.
cationic resin filter cartridge, 6.
anionic resin filter cartridge, 7.
mixed-bed resin filter cartridge.
All the cartridges tested in the laboratory in this work were produced by "Acqua Brevetti 95 S.r.l.", Mestrino (PD), Italy. Some tests have been repeated also for cartridges produced by "Idrocosmotek, Fimi S.p.A.", Izano (CR), giving very similar results. In any case, since their characteristics agree with the standards of most brands on the market, results can be considered generalizable to other commercial cartridges. Further experiments are to be performed with this aim. 2. cartridges for water treatment [24] [25] [26] [27] [28] [29] , which clean the specific fluid more deeply by subtracting the particles dissolved in it that are not always evident, such as mineral salts.
1. wire-wound polyester filter, 2. nylon mesh filter, 3. granular activated carbon filters, 4. filter cartridge with crystal polyphosphate, 5. cationic resin filter cartridge, 6. anionic resin filter cartridge, 7. mixed-bed resin filter cartridge.
All the cartridges tested in the laboratory in this work were produced by "Acqua Brevetti 95 S.r.l.", Mestrino (PD), Italy. Some tests have been repeated also for cartridges produced by "Idrocosmotek, Fimi S.p.A.", Izano (CR), giving very similar results. In any case, since their characteristics agree with the standards of most brands on the market, results can be considered generalizable to other commercial cartridges. Further experiments are to be performed with this aim. Each cartridge was analyzed in the function performed when adopted in a given plant, evaluating the behavior in the different operating conditions of the pilot circuit.
The transit of the fluid in the cartridge, during which the treatment phase takes place, can occur essentially with two different modes:
1. radial flux: The fluid flows through the cartridge with a side entrance (lateral inflow), the solid particles deposit in the filter, and, once water reaches the central part, it flows upward (outflow) through the duct created in the inner core ( Figure 2a ); 2. direct/inverse flux: The fluid motion occurs with an input from the bottom and outflow from the top (Figure 2b ). Each cartridge was analyzed in the function performed when adopted in a given plant, evaluating the behavior in the different operating conditions of the pilot circuit.
radial flux: The fluid flows through the cartridge with a side entrance (lateral inflow), the solid particles deposit in the filter, and, once water reaches the central part, it flows upward (outflow) through the duct created in the inner core ( Figure 2a ); 2.
direct/inverse flux: The fluid motion occurs with an input from the bottom and outflow from the top (Figure 2b ). An important parameter to define in order to characterize the filter cartridge is the pore size nominal rating or nominal filtration of a cartridge [13] , defined as the pore size at which particles of a given size will be retained with efficiency below 100%. It refers to the capability of the filter to capture particles by the process of absorption, which depends on the size of the filter holes [14] . It is measured in μm, and it is linked to the efficiency of the same expressed in percentage (e.g., an efficiency of 80% with pore size nominal rating of 50 μm means that 80% of the suspended solid particles dispersed in water having a nominal size greater than 50 μm are retained by the filtering septum during their transit through it).
The seven above mentioned types of filter cartridges are described in detail in what follows.
Wire-Wound Polyester Filter Cartridge
A wire-wound filter cartridge works for mechanical filtration [19] . It is produced by winding a wire on a central support core, both made of pure polypropylene, very tenacious and non-toxic, that makes it suitable also for the treatment of drinking water [15] . The one adopted here is of the type in Figure 3 , in which size, weight and efficiency are also reported. The filtering set has a particular honeycomb uniform texture, with pore size nominal rating of 50 μm. The fluid motion occurs with mode 1 (Figure 2a ). When the filter is completely clogged, to restore the filtration system in its early ideal conditions, the cartridge has to be replaced, since a wash would not allow the complete cleaning of the septum, being the solid particles retained in the filter matrix and not only on the external surface.
Nylon Mesh Filter Cartridge
The nylon mesh filter cartridge works for mechanical filtration [22, 23] . The filtration process is, in this case, direct interception-type: when the flow reaches the filter, this stops particles of diameter smaller than that of its pores. Particles may be also caught from the filter by bridge effect if they are An important parameter to define in order to characterize the filter cartridge is the pore size nominal rating or nominal filtration of a cartridge [13] , defined as the pore size at which particles of a given size will be retained with efficiency below 100%. It refers to the capability of the filter to capture particles by the process of absorption, which depends on the size of the filter holes [14] . It is measured in µm, and it is linked to the efficiency of the same expressed in percentage (e.g., an efficiency of 80% with pore size nominal rating of 50 µm means that 80% of the suspended solid particles dispersed in water having a nominal size greater than 50 µm are retained by the filtering septum during their transit through it).
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A wire-wound filter cartridge works for mechanical filtration [19] . It is produced by winding a wire on a central support core, both made of pure polypropylene, very tenacious and non-toxic, that makes it suitable also for the treatment of drinking water [15] . The one adopted here is of the type in Figure 3 , in which size, weight and efficiency are also reported. The filtering set has a particular honeycomb uniform texture, with pore size nominal rating of 50 µm. An important parameter to define in order to characterize the filter cartridge is the pore size nominal rating or nominal filtration of a cartridge [13] , defined as the pore size at which particles of a given size will be retained with efficiency below 100%. It refers to the capability of the filter to capture particles by the process of absorption, which depends on the size of the filter holes [14] . It is measured in μm, and it is linked to the efficiency of the same expressed in percentage (e.g., an efficiency of 80% with pore size nominal rating of 50 μm means that 80% of the suspended solid particles dispersed in water having a nominal size greater than 50 μm are retained by the filtering septum during their transit through it).
Nylon Mesh Filter Cartridge
The nylon mesh filter cartridge works for mechanical filtration [22, 23] . The filtration process is, in this case, direct interception-type: when the flow reaches the filter, this stops particles of diameter smaller than that of its pores. Particles may be also caught from the filter by bridge effect if they are The fluid motion occurs with mode 1 (Figure 2a ). When the filter is completely clogged, to restore the filtration system in its early ideal conditions, the cartridge has to be replaced, since a wash would not allow the complete cleaning of the septum, being the solid particles retained in the filter matrix and not only on the external surface. 
The nylon mesh filter cartridge works for mechanical filtration [22, 23] . The filtration process is, in this case, direct interception-type: when the flow reaches the filter, this stops particles of diameter smaller than that of its pores. Particles may be also caught from the filter by bridge effect if they are smaller but positioned "sideways" with respect to a pore, or if two or more particles hit a pore at the same time, or if another particle partially occludes a pore, or if surface interactions arise, making small particles adhere to the inner surface of the pores.
The filter is made by weaving a square mesh of polyester wires, which are tough, resilient to bending, and resistant to chemical and physical agents. Its structure, with a smooth surface, allows a uniform flow, minimizing the risk of occlusion and ensuring an accurate filtering capacity with minimum head loss.
The one chosen for this study is of the type in Figure 4 , in which also a zoom of the core and nylon grid are shown. The pore size nominal rating is 150 µm. smaller but positioned "sideways" with respect to a pore, or if two or more particles hit a pore at the same time, or if another particle partially occludes a pore, or if surface interactions arise, making small particles adhere to the inner surface of the pores. The filter is made by weaving a square mesh of polyester wires, which are tough, resilient to bending, and resistant to chemical and physical agents. Its structure, with a smooth surface, allows a uniform flow, minimizing the risk of occlusion and ensuring an accurate filtering capacity with minimum head loss.
The one chosen for this study is of the type in Figure 4 , in which also a zoom of the core and nylon grid are shown. The pore size nominal rating is 150 μm. The fluid motion occurs with mode 1 (Figure 2a ). This cartridge is simple to use, and proper maintenance allows prolonged use in time with constant efficiency. The suspended and settleable solid particles carried by the flowing water stop in this case on the outer surface of the filter, which may be easily cleaned by means of a simple washing operation. The material is of non-toxic type, and the performed filtering action is sufficient to make the outflow water suitable for human consumption without the need for further treatment.
Granular Activated Carbon Filter Cartridge
A granular activated carbon filter cartridge works for water treatment, because it removes halogenated organic substances, such as trihalomethanes and other DBP (disinfection by-products), pesticides, herbicides, triazines, chlorine, and other substances that impart unpleasant odors and flavors, and color [24, 25] .
Activated carbon mainly contains amorphous carbon, which has a highly porous structure and a very large specific area, and it is, therefore, able to retain many molecules of other substances, i.e., it has high adsorbent capacity. The material is non-toxic, although for the treatment of drinking water a further disinfection treatment is recommended to remove or disable any eventual pathogenic microorganisms.
The granular-activated carbon filter cartridge chosen for this study is of the type in Figure 5 , with pore size nominal rating 5 μm.
The fluid motion occurs with mode 1 (Figure 2b ). After reaching the full saturation of the filter, the cartridge has to be replaced. The fluid motion occurs with mode 1 (Figure 2a ). This cartridge is simple to use, and proper maintenance allows prolonged use in time with constant efficiency. The suspended and settleable solid particles carried by the flowing water stop in this case on the outer surface of the filter, which may be easily cleaned by means of a simple washing operation. The material is of non-toxic type, and the performed filtering action is sufficient to make the outflow water suitable for human consumption without the need for further treatment.
The granular-activated carbon filter cartridge chosen for this study is of the type in Figure 5 , with pore size nominal rating 5 µm.
The fluid motion occurs with mode 1 (Figure 2b ). After reaching the full saturation of the filter, the cartridge has to be replaced. 
Filter Cartridge with Crystal Polyphosphate
A filter cartridge with polyphosphate works for water treatment, as it protects from the formation of incrustations deriving from limestone and corrosion in the hot and cold-water distribution lines [26] . The one adopted here is of the type in Figure 6 . 
A filter cartridge with polyphosphate works for water treatment, as it protects from the formation of incrustations deriving from limestone and corrosion in the hot and cold-water distribution lines [26] . The one adopted here is of the type in Figure 6 . Polyphosphates are salts obtained from polymerization by heating acid phosphates, and differ from one other in their degree of polymerization and structure.
Limestone is due to the presence of calcium and magnesium salts dissolved in water as soluble bicarbonates, which, when heated, are transformed into insoluble carbonates and tend to stick in clusters of crystals. Over time they form deposits on the surfaces of tubes, coils, and tanks of hot water production plants (Figure 7a,b) , causing malfunctioning, drastic drop in energy yield, and high running and maintenance costs. Plant safety filters are even prescribed by law for facilities of domestic hot water.
(a) (b) (c) Figure 7 . Effects of limestone on (a) a tube [27] and (b) the resistance of a washing machine; (c) effect of corrosion on a pipe [28] .
Corrosion may cause thinning and perforation of the wall pipes and alteration of the composition of water and its organoleptic properties. In fact, the rust flakes can be detached from the Polyphosphates are salts obtained from polymerization by heating acid phosphates, and differ from one other in their degree of polymerization and structure.
Limestone is due to the presence of calcium and magnesium salts dissolved in water as soluble bicarbonates, which, when heated, are transformed into insoluble carbonates and tend to stick in clusters of crystals. Over time they form deposits on the surfaces of tubes, coils, and tanks of hot water production plants (Figure 7a,b) , causing malfunctioning, drastic drop in energy yield, and high running and maintenance costs. Plant safety filters are even prescribed by law for facilities of domestic hot water. 
Corrosion may cause thinning and perforation of the wall pipes and alteration of the composition of water and its organoleptic properties. In fact, the rust flakes can be detached from the Corrosion may cause thinning and perforation of the wall pipes and alteration of the composition of water and its organoleptic properties. In fact, the rust flakes can be detached from the inner walls of the pipes as effect of the flow or temperature variations, carried by the water and deposit on the surfaces of other system components, also affecting their operation (Figure 7c ).
The polyphosphate acts as an effective mean of protection against corrosion, forming a thin protective film on the surfaces of pipes, coils, and water heaters, thus providing a longer conservation in time of the treated components.
The treatment efficiency of this cartridge is the lowest (75%) of those analyzed here, while the pore size nominal rating is of the order of 20 µm.
The fluid motion occurs with mode 1 (Figure 2b ). When the cartridge is exhausted, it must be replaced to ensure the filtration optimal conditions. The polyphosphate employed to treat drinking water needs to be appropriately dosed, not exceeding a certain concentration determined by the current legislation.
Cationic Resin Filter Cartridge
A filter cartridge in cationic resin falls into the category of cartridges for water treatment, as it softens the water, thus eliminating its hardness [29] . The one selected for the experiments is described in Figure 8 .
The cationic resins are solid, non-soluble substances, specifically organic macromolecules formed from a crosslinked polymeric matrix with a large number of active functional groups, capable of interchange ions with a liquid, e.g., water. Cationic resins fix positive ions and anionic resins negative ions. The process consists, basically, of the substitution of calcium and magnesium ions in water, responsible for the scale formation, with sodium ions released from the resin. The resins are composed of small balls with a diameter generally between 0.3 and 1.2 mm. inner walls of the pipes as effect of the flow or temperature variations, carried by the water and deposit on the surfaces of other system components, also affecting their operation (Figure 7c ). The polyphosphate acts as an effective mean of protection against corrosion, forming a thin protective film on the surfaces of pipes, coils, and water heaters, thus providing a longer conservation in time of the treated components.
The treatment efficiency of this cartridge is the lowest (75%) of those analyzed here, while the pore size nominal rating is of the order of 20 μm.
The cationic resins are solid, non-soluble substances, specifically organic macromolecules formed from a crosslinked polymeric matrix with a large number of active functional groups, capable of interchange ions with a liquid, e.g., water. Cationic resins fix positive ions and anionic resins negative ions. The process consists, basically, of the substitution of calcium and magnesium ions in water, responsible for the scale formation, with sodium ions released from the resin. The resins are composed of small balls with a diameter generally between 0.3 and 1.2 mm. The fluid motion occurs with mode 1 (Figure 2b ). The pore size nominal rating is of the order of 40 μm. After reaching the full saturation of a resin, a regeneration phase is required, by means of which the resin, in contact with a specific substance, for example, sodium chloride, will release the calcium and magnesium ions reacquiring sodium ions. This resin is suitable for drinking water treatments if the treatment takes place within specific limits established by law.
Anionic Resin Filter Cartridge
A filter cartridge in anionic resin works for water treatment, as this resin is capable of implementing a reversible interchange of ions with the liquid. The one adopted here is described in Figure 9 . The resin grains have diameter in the range 0.3 and 1.2 mm [29, 30] .
The objective is to reduce the presence of anionic mineral salts, such as those containing sulfate, nitrate, and chloride ions of the water, substituting these ions with hydroxyl ones released by the resin), thus reducing the possibility of compromising human and plant health.
High sulfate concentrations in drinking water can have a laxative effect if combined with calcium and magnesium or turn into hydrogen sulfide gas in the presence of bacteria, or be responsible for the system corrosion. The nitrate ions are harmless to human health, but they often turn into nitrites, which are toxic and can result in respiratory distress and even asphyxiation (blue The fluid motion occurs with mode 1 (Figure 2b ). The pore size nominal rating is of the order of 40 µm. After reaching the full saturation of a resin, a regeneration phase is required, by means of which the resin, in contact with a specific substance, for example, sodium chloride, will release the calcium and magnesium ions reacquiring sodium ions. This resin is suitable for drinking water treatments if the treatment takes place within specific limits established by law.
High sulfate concentrations in drinking water can have a laxative effect if combined with calcium and magnesium or turn into hydrogen sulfide gas in the presence of bacteria, or be responsible for the system corrosion. The nitrate ions are harmless to human health, but they often turn into nitrites, which are toxic and can result in respiratory distress and even asphyxiation (blue disease). The chlorides dissolved in water increase its electrical conductivity and the fixed residue; in high concentrations, they can affect the water taste and flavor and cause pipe corrosion.
The fluid motion occurs with mode 1 (Figure 2b ). The pore size nominal rating is of the order of 40 µm. The anionic resin cartridge can be used for domestic water treatments and for the production of drinking water with nitrate concentrations lower than 10 mg/L. disease). The chlorides dissolved in water increase its electrical conductivity and the fixed residue; in high concentrations, they can affect the water taste and flavor and cause pipe corrosion. The fluid motion occurs with mode 1 (Figure 2b ). The pore size nominal rating is of the order of 40 μm. The anionic resin cartridge can be used for domestic water treatments and for the production of drinking water with nitrate concentrations lower than 10 mg/L. 
Mixed-Bed Resin Filter Cartridge
A mixed-bed resin filter cartridge works for water treatment, since it is a mixture of anionic and cationic resins that are able to remove simultaneously both the cations (exchanged with hydrogen ions) and the anions (exchanged with hydroxyl ions) from water [29, 31] . In this work, the one described in Figure 10 has been adopted. The fluid motion occurs with mode 1 (Figure 2b ). This cartridge can be used for the production of demineralized water and for all uses requiring water free of salts. If suitably controlled, the treated water may be also used for human consumption.
Laboratory Setup
The hydraulic pilot circuit ( Figure 11 ) designed and built in the LIDAM laboratory at University of Salerno was aimed at simulating a generic residential plant with a cartridge filtration system, so it was made of pipes with commercially popular materials and diameters. It consists essentially of [ 
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A mixed-bed resin filter cartridge works for water treatment, since it is a mixture of anionic and cationic resins that are able to remove simultaneously both the cations (exchanged with hydrogen ions) and the anions (exchanged with hydroxyl ions) from water [29, 31] . In this work, the one described in Figure 10 has been adopted. The fluid motion occurs with mode 1 (Figure 2b ). This cartridge can be used for the production of demineralized water and for all uses requiring water free of salts. If suitably controlled, the treated water may be also used for human consumption. 
Laboratory Setup
The hydraulic pilot circuit ( Figure 11 ) designed and built in the LIDAM laboratory at University of Salerno was aimed at simulating a generic residential plant with a cartridge filtration system, so it was made of pipes with commercially popular materials and diameters. It consists essentially of [19] a housing element (Figure 12 ) with interchangeable filter cartridges.
Water 2018, 10, x FOR PEER REVIEW 9 of 17 7. a housing element (Figure 12 ) with interchangeable filter cartridges. The two pipes in multi-layer material, with diameters ϕ16 and ϕ20, respectively (numbers 2 and 3 in Figure 11 ), are linked in parallel and used one at a time, thanks to seven ball valves posed along the circuit, which also regulate the flow rate. The analysis, in fact, has been conducted in different operating conditions for each of the analyzed cartridges, put from time to time in the proper container.
The cartridge container (model FC GREEN V/T, Figure 12 ), also produced by Acqua Brevetti 95 S.r.l. of Mestrino (PD), permits the accommodation of the different 9 ¾" filter cartridges here considered. The two pipes in multi-layer material, with diameters φ16 and φ20, respectively (numbers 2 and 3 in Figure 11 ), are linked in parallel and used one at a time, thanks to seven ball valves posed along the circuit, which also regulate the flow rate. The analysis, in fact, has been conducted in different operating conditions for each of the analyzed cartridges, put from time to time in the proper container.
The cartridge container (model FC GREEN V/T, Figure 12 ), also produced by Acqua Brevetti 95 S.r.l. of Mestrino (PD), permits the accommodation of the different 9 the circuit, which also regulate the flow rate. The analysis, in fact, has been conducted in different operating conditions for each of the analyzed cartridges, put from time to time in the proper container.
The cartridge container (model FC GREEN V/T, Figure 12 ), also produced by Acqua Brevetti 95 S.r.l. of Mestrino (PD), permits the accommodation of the different 9 ¾" filter cartridges here considered. 
Experiments
The circuit can be used, thanks to the system of valves and being the two pipes in multi-layer material (φ16 and φ20, respectively) linked in parallel, in different modes. Three scenarios are considered in the presented experiments ( Figure 13 ):
•
Mode 1: bypass of the multi-layer pipes and use of the only short galvanized pipe of the circuit (blue one), • Mode 2: multi-layer pipe with diameter φ16 opened (blue and orange pipes), • Mode 3: multi-layer pipe with diameter φ20 opened (blue and green pipes).
In each circuit (modes 1, 2, and 3), experiments have been performed with three different values of discharge (Q min -minimum, Q inter -intermediate, and Q max -maximum), depending on the operating modes of the pump as well as on which filter cartridge (among those listed in the Section 2.1) was inserted in the plastic container ( Figure 12 ). 
Experiments
The circuit can be used, thanks to the system of valves and being the two pipes in multi-layer material (ϕ16 and ϕ20, respectively) linked in parallel, in different modes. Three scenarios are considered in the presented experiments ( Figure 13 ):
• Mode 1: bypass of the multi-layer pipes and use of the only short galvanized pipe of the circuit (blue one), • Mode 2: multi-layer pipe with diameter ϕ16 opened (blue and orange pipes), • Mode 3: multi-layer pipe with diameter ϕ20 opened (blue and green pipes).
In each circuit (modes 1, 2, and 3), experiments have been performed with three different values of discharge (Qmin-minimum, Qinter-intermediate, and Qmax-maximum), depending on the operating modes of the pump as well as on which filter cartridge (among those listed in the Section 2.1) was inserted in the plastic container ( Figure 12 ). When the circuit is operating, the pressure values in different properly selected detection points of the circuit are measured through digital pressure gauges (model Sino Instruments HX601) in order to calculate the head losses along the pipe. Concentrated head losses at the filter cartridges are measured, instead, through electronic differential manometers (model Digitron Engineering B.V. 2082P), positioned with the two detection points upstream and downstream of the cartridge, respectively (Figure 11 ). Each measurement has been performed three times in order to verify the repeatability of the experimental tests. Also, a flow meter by B Meters S.r.l. was installed between the pump and the filter housing. The accuracy of the measurements was ascertained prior in a single campaign of experimental tests, by comparing the readings obtained from the instruments with known values, alternatively detected. The flow meter was calibrated, for each pump speed and filter conditions, through a bucket or volumetric method, by diverting the flow to a bucket of known volume, measuring the time to fill it, and calculating the discharge as ratio of this volume to the filling time. The procedure was repeated three times in each case.
Before each test, digital pressure gauges were reset to zero in absence of water in the steel pipe, to match the atmospheric pressure value. In addition, for pressure gauges with readings lower than 0.2 bar, a comparison was made by reading the water levels at piezometers that were 2 m high and placed in the same locations thanks to the presence of four-way fittings [19] .
Results and Discussion
Results of the experiments are summarized in Table 1 in terms of head losses ΔH (in m) as functions of corresponding discharges Q (in L/s) in the conditions of no filter cartridges (NF) and Figure 13 . Hydraulic flow course in the three considered modes, respectively: (a) bypass of the multi-layer pipes and use of the only short galvanized pipe of the circuit; (b) multi-layer pipe with diameter φ16 opened; (c) multi-layer pipe with diameter φ20 opened.
When the circuit is operating, the pressure values in different properly selected detection points of the circuit are measured through digital pressure gauges (model Sino Instruments HX601) in order to calculate the head losses along the pipe. Concentrated head losses at the filter cartridges are measured, instead, through electronic differential manometers (model Digitron Engineering B.V. 2082P), positioned with the two detection points upstream and downstream of the cartridge, respectively (Figure 11 ). Each measurement has been performed three times in order to verify the repeatability of the experimental tests. Also, a flow meter by B Meters S.r.l. was installed between the pump and the filter housing. The accuracy of the measurements was ascertained prior in a single campaign of experimental tests, by comparing the readings obtained from the instruments with known values, alternatively detected. The flow meter was calibrated, for each pump speed and filter conditions, through a bucket or volumetric method, by diverting the flow to a bucket of known volume, measuring the time to fill it, and calculating the discharge as ratio of this volume to the filling time. The procedure was repeated three times in each case.
Results of the experiments are summarized in Table 1 in terms of head losses ∆H (in m) as functions of corresponding discharges Q (in L/s) in the conditions of no filter cartridges (NF) and introducing one at a time the seven filter cartridges for the three different values of discharge and for the three operating conditions (modes 1, 2, and 3) .
Discharges have been measured by volumetric flowmeters. The values of local head losses between the upstream and downstream sections of the filter holder are those calculated starting from the measured water level in the upstream tank (whose variations during the experiments have been tested to be considered neglectable) with the Hazen-Williams resistance formula and roughness coefficient 110 for the galvanized steel pipes and 150 for the multi-layer pipes, respectively. The values have been averaged starting from the acquisitions of the repeated tests. In all the conditions for low values of discharges, the corresponding head losses increase significantly in a linear way. However, for most of the filters, once they exceed a threshold value of the discharge Q, the head loss keeps constant or grows more slowly.
The no filter (NF) condition represents for the circuit a sort of threshold case, with no concentrated pressure drop produced by the introduction of a filter cartridge in the plant [7] .
Among the different cartridges, number 6 and 7 (anionic and mixed-bed resin filter cartridges, respectively) produce the highest head losses (discharge being equal), while the lowest are given by numbers 2 and 4 (nylon mesh and crystal polyphosphate filter cartridges, respectively). It is important to notice, though, how the values of discharge change as the pump adjusts its operating point.
In conclusion, for common values of operating flow rates in domestic plants, i.e., in the range 0.1-0.3 L/s, the pressure drops in the filter can even exceed the value of 5 m.
A generalization of these results, and a formula of the type of Equation (1) for the calculation of the local head loss produced by the filter cartridge in each scenario, have been sought:
Starting from the pair values of discharges Q and the corresponding local head losses, first the corresponding mean velocities by the continuity equation and then the values of coefficient β in Equation (1) have been calculated. Results are reported in Table 2 .
Also, the values of β have been plotted as function of the corresponding values of the mean velocity V in all the scenarios for each cartridge in Figure 14 . Also, the values of β have been plotted as function of the corresponding values of the mean velocity V in all the scenarios for each cartridge in Figure 14 . Although it is not possible to identify a physical reason for the classification of the filters in terms of their hydraulic response in the groups, it can be said that the different behaviors depend on the constructive features of the filter and on the materials and the modalities of the flow into the filter itself. The friction at the grain surface for the filters with solid particles, and, in general, the nominal size rating, seem to affect the produced head losses.
On the other side, more generally the results can also be represented for all the cartridges for each of the nine operating conditions (three velocities for each of the three modes).
Each curve for each operating condition ( Figure 16 ) is well approximated by a relation of the type
with the values of the coefficients a and b reported in Table 3 . The average of these values gives the general relation
which is plotted as "trend line" in Figure 16 and approximates very well all the curves. This equation may be used in general to evaluate, at least approximately, if the velocity of the flow is known, the value of the coefficient β, and, therefore, the head loss produced by the filter through Equation (1).
each of the nine operating conditions (three velocities for each of the three modes). Each curve for each operating condition ( Figure 16 ) is well approximated by a relation of the type
which is plotted as "trend line" in Figure 16 and approximates very well all the curves. This equation may be used in general to evaluate, at least approximately, if the velocity of the flow is known, the value of the coefficient β, and, therefore, the head loss produced by the filter through Equation (1). It is evident the influence of the local pressure drops at the filter on the total balance of the energetic losses: the local head losses produced by the filter increase from Mode 2 to Mode 3 (with the bigger diameter), although in a more marginal way than the pump operating point shift.
The laboratory campaign confirmed, thereby, that the introduction in water distribution systems of filtering cartridges induces significant values of pressure drops that may generate malfunction and inability to satisfy the water demand, especially in plants already characterized by low-pressure distribution systems. It is important, therefore, not to underestimate the effects in terms of pressure drops produced by these filtration systems, because the presence of significant quantities of impurities progressively clogging the cartridges cannot be excluded, with consequent increase in the head losses [19] . The need for cartridge replacement may then occur at an unacceptable rate of frequency.
The results also furnished useful suggestions about the choice of the proper cartridges in the presence of such problems, although the selection is clearly determined as well by the proper treatment required by the water properties. Although the cartridges tested in the laboratory in this work are only of one or two brands, their characteristics agree with the standards of most brands on the market, and, therefore, these results can be considered generalizable to other commercial cartridges. Further experiments have been planned to be performed with this aim with cartridges of different brands. The values of head losses here calculated for the wire-wound filter cartridges are also in the same order of magnitude of those measured in [15] for comparable water flow rates. Unfortunately, there are not many data available in the literature, but the values obtained here are comparable with those observed in the technical practice by manufacturers and installers.
Besides the experimental laboratory activities, also a numerical model in EPANET [32] was setup in order to perform hydraulic simulations at the same aim of calculating the head losses produced by the cartridges. The numerical calculation, in fact, after a proper calibration based on the observed results, allows for the analysis of a greater number of test cases, with a wide range of flow rates and different operating conditions [33] .
Conclusions
The introduction in distribution systems of filtering cartridges, the main solution adopted to treat water for domestic and potable uses, may generate malfunction due to the significant induced pressure drops, especially if these plants are already characterized by low pressures. This work is, therefore, aimed at assessing experimentally the hydraulic performance in terms of head losses produced in drinking water networks by seven different common types of commercial filtering cartridges. In order to furnish useful suggestions about the choice of the proper cartridges in low-pressure distribution systems, which of course are also determined by the proper treatment required by the water properties, an experimental campaign has been performed in the Laboratory of Environmental and Maritime Hydraulics (LIDAM), University of Salerno. The local pressure drops produced by the cartridges have been evaluated in different operating conditions (three circuits and three discharge values) and compared with each other.
Among the different analyzed cartridges, anionic and mixed-bed resin filter cartridges produce the highest head losses (discharge being equal), while nylon mesh and crystal polyphosphate filter cartridges the lowest ones. For usual values of discharges in domestic plants, i.e., in the range 0.1-0.3 L/s, the pressure drops in the filter can even exceed the value of 5 m. Results, obtained in the laboratory on cartridges of only few brands, can be generalized to other commercial cartridges, since their characteristics agree with the standards of most brands on the market.
It is, therefore, important not to underestimate the effects in terms of pressure drops produced by filtration systems, because the presence of significant quantities of impurities progressively clogging the cartridges cannot be excluded. Their replacement may then occur at an unacceptable rate of frequency.
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